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”Vapor-Liquid-Solid growth” 
(VLS) 
Directional beams 
UHV 
Growth of  nanowires by molecular beam epitaxy 
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Semiconductor nanowires for topological systems 
 
Strong spin-orbit nanowire 
Topological phase in semiconductor nanowires: 
  
1D tunable wire + spin-orbit interactions + superconductor 
 
... SC with uniform interface, high critical field, ... 
B 
Topological superconductor 
Majorana 
end states 
Gates tune µ 
or barriers 
Oreg et al (2010), Lutchyn et al (2010) 
B≠0 
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Tunneling experiments and the proximity induced gap  
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Experimental observations in typical in Majorana-type experiments: 
  
• “soft” proximity gap with D* < Dbulk  
• quasiparticle states in gap rather than suppressed sub-gap BCS  
• complicates interpretation, allows resonances (Kondo), 
would potentially decohere (Majorana) qubits etc 
 
Mourik et al (2012) – InSb + Nb (long) Das et al (2012) – InAs + Al (short) 
BCS 
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Inverse proximity effect of normal metal lead 
Interface inhomogeneity between SC and nanowire 
THEORY 
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Epitaxy of superconductor-semiconductor interfaces 
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TS Jespersen 
Normal procedure: remove native oxide by 
etch or ion milling: damages, disorder 
InAs Vacuum 
- how MBE can improve the 
electrical contacts 
MBE grown SNS junctions (1990’ies) 
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Claus B. Sørensen 
MBE engineer  
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MBE grown aluminum shell on InAs nanowires 
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Evaporated Al 
UHV 
Al grown in-situ after 
cooling to -30 C, 
without breaking 
vacuum  
Au In, As 
Al 
MBE UHV reactor 
or 
NBI 2012 
Ziino et al, arxiv 1309.4569; Krogstrup et al., Nature Mat. (2015) 
Shell morphology vs thickness and facets 
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Rotation  
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half shell 
Reconstruction 
o critical thickness ~25nm 
o faceted, grain structure 
o interface/surface energy 
minimization vs strain 
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Shell morphology vs thickness and facets 
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Strain 
Rotation  
disabled; 
half shell 
InAs 
Al 
Epitaxial domain match 
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Typical mismatch 
for Al/InAs: 0.3% 
Parallel     perp. 
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Electrical characterization: superconducting Al shell 
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OK for reaching topological regime: 
Critical magnetic field for 13nm Al film: 
Bc > 1.5 T (parallel) vs 0.1 mT in bulk 
 
For InAs, topological phase reached at 
B = 2∆*/gµB ~ 0.5 T 
Electrical characterization: induced superconducting gap 
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Spectroscopy of nanowire: 
Tunneling from normal (Au) contact to proximitized wire 
N 
S N 
S 
in the semiconducting nanowire 
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Chang et al., Nature Nanotechn. (Jan. 2015) 
Subgap conductance 
Epitaxial:           1:100 
Control (evap.): 1:5 
S N 
BCS 
Electrical characterization: induced superconducting gap 
”Hard gap” - Indicates a transparent, uniform interface 
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Gate tunability of proximitized segment 
Shell (normal) 
+ nanowire 
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Finite wires and search for Majorana signatures 
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Predicted low-energy spectrum 
           - split Majorana modes  
           - oscillating in field 
  
Stanescu, Lutchyn, Das Sarma, PRB (2013) 
Tunneling experiment (Delft type) 
Superconducting quantum dots 
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Tunable superconducting 
qubits (transmon devices) 
T.W. Larsen et al  
(submitted) 
Coherent 
quantum 
oscillations 
Microwave 
cavity 
NW Josephson jct. 
Basis for isolated Majorana system 
Parity lifetime of bound states ~10 ms 
  
A. Higginbotham et al  
(arXiv:1501.05155) 
Different device geometries 
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Top-view of wires with 90O kinks 
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Prospects for networks 
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Nanowire growth and design: 
Thomas S Jespersen, Peter Krogstrup, Jessica Bolinsson, Caroline Lindberg, 
Morten H Madsen, Erik Johnson, Claus B Sørensen 
  
Quantum devices: Charlie Marcus, Andrew Higgenbotham, Willy Chang, 
Sven Albrecht, Mingtang Deng, Daniel Sherman 
  
+ Qubits: Ferdinand Kuemmeth, Karl Petersson, Thorvald Larsen 
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Krogstrup et al, Nat. Materials (2015) 
CONCLUSIONS 
  
New concept for contacting of NWs 
- MBE grown aluminum shells  
- Epitaxial super-semi heterostructures 
- Processing into segments, QPC, dots, ... 
- Tunneling experiments 
 
Hard gap induced superconductivity 
- Critical field >1.5 T (parallel) 
- Features consistent with Majorana 
- Prospects for complex geometries, 
qubits, other materials (ultra-hard?)... 
NYGARD@NBI.DK 
Chang et al, Nat. Nanotech. (2015) 
Center for 
Quantum Devices 
